About 120 strains derived from natural populations of D. melanogaster collected between 1983 and 1986 in the Languedoc-Roussillon area (France) were tested for their characteristics in the P-M system, enzymatic polymorphism and infection by the sigma virus. Over these four years, a clear geographical pattern was found for the P-M system over a distance of 250 km, with weak P populations in the northern zone of the area studied, Q populations in the centre and M' populations in the south. This pattern was stable for P sterility potential but a decrease of the M cytotype level was observed in the southernmost zone. During the same period, the frequency of flies infected by the sigma virus also showed a regular geographical pattern with the highest values in the central zone. The frequency of infected flies increased steadily during this period. In the enzymatic study, neither geographical nor temporal trends were detected for the loci analyzed. Correlations among the different systems are discussed.
INTRODUCTION
Over the last decade, several studies of genetic variation in natural Drosophila populations have involved non-Mendelian systems. In D. melanogaster, such studies have centred on the P-M system of transposable elements (see Bregliano and Kidwell, 1983 and Engels, 1983 ) and on the vertically transmitted sigma virus (L'Héritier, 1970; Brun and Plus, 1980) . There is a geographical variation in the distribution of both systems in Europe. The pattern of this variation points to the Languedoc-Roussillon, a region in the south of France, as an intermediate zone of special interest forevolutionary studies (Anxolabéhère eta!., 1985; Fleuriet, 1986 ).
In the P-M system of Drosophila me!anogaster, the syndrome known as hybrid dysgenesis occurs when members of the P family of transposable elements are activated, It is manifested in a number of traits (such as mutation, male recombination and gonadal sterility) when active P elements are introduced into the M cytotype individuals (Engels, 1979; Kidwell, 1985) . These are defined as either completely lacking P sequences (M-type) or containing structurally altered P elements (M' type) (Bingham eta!., 1982) . In contrast, individuals of the P type or of the Q type (which induce all dysgenic traits except sterility) have 30-50 copies of P sequences (Bingham eta!., 1982) , some of which are fully intact elements, 29 kb long, that can code for a transposase (Karess and Rubin, 1984) and the others, often a majority, are deleted P elements that, in dysgenic crosses, can be mobilized in response to the transposase produced by intact elements of the same genome (O'Hare and Rubin, 1983) . P and Q individuals also possess a cellular state called the P cytotype which represses P element activity (Engels, 1979; Simmons and Bucholz, 1985) .
Surveys of natural populations have shown pronounced geographical differences (Anxolabéhère eta!., 1982 (Anxolabéhère eta!., , 1984 Kidwell, 1983; Boussy and Kidwell, 1987) . P strains predominate in the Americas and Central Africa whereas M cytotype strains predominate in Europe, North Africa and Asia.
Recent investigations (Anxolabéhère et a!., 1985) reveal a gradient from Western Europe, where most strains are Q, to Mid-Asian areas, where M' strains predominate. These results concur with the hypothesis of an invasion of Eurasian populations by P elements.
In the Drosophila-sigma system, the virus confers CO2 sensitivity on its carriers; the sigma virus is not contagious but is transmitted from fly to fly through gametes without being integrated into the chromosomes (Brun and Plus, 1980) . In natural French populations of D. melanogaster, about 20 per cent of the individuals are infected by sigma. In France, the characteristics of the system differ from those observed in the rest of Europe (Fleuriet, 1986 ).
This paper focuses on a review of the Languedoc-Roussillon area, a region of transition from P-Q to M cytotype populations and sigma virus characteristics, over four consecutive years.
We examine for pattern modifications in this transition area, as well as possible correlations between the geographical patterns of the P-M system and of sigma virus. Populations of this region were also characterized for their polymorphism at six enzymatic loci.
MATERIALS AND METHODS
More than 100 wild samples, collected in the Languedoc-Roussillon region over a 250 km x 50km area ( fig. 1 ) were investigated. Each consisted of a large number of flies (from 60 to 250) collected in October 1983 October , 1984 October , 1985 October and 1986 Analysis of the P-M system Determination of P-M status within a population.
Following the procedures of Periquet (1980) P potential activity was measured at 285°C by determining the percentage of dysgenic gonads (GD sterility) in 50 Fl females resulting from a cross between females from the Canton-S reference strain and males from the tested strain (Cross A). M cytotype level was measured at 285°C by determining the percentage of dysgenic gonads in 50 Fl females resulting from a cross between males from the Harwich reference strain and females from the strain being tested (Cross A*).
Hybridization techniques. The presence of P homologous sequences in individual flies was detected by the squash-blot technique (Tchen eta!., 1985; Anxolabéhère eta!., 1985) . Each fly was crushed on a nylon filter membrane (Pall Biodyne) and the DNA fixed on the filter was denatured in Figure 1 05N NaOH-25M NaCl, neutralised in 3M NaCH3COO, prehybridized in 2 x SSC -5 x FPG solution for two hours and hybridized overnight at 65°C in 2 x SCC -Il x FPT and 10 per cent dextran sufate solution with 32P labelled Hind III restriction fragment (P1 probe), or with labelled Hind Ill-Sal I restriction fragment (P2 probe) of the pir251 plasmid. After hybridization, the filter was washed for one hour at 65°C in 2 x SSC, 01 per cent SDS and then rapidly at room temperature in 01 x SSC, Ol per cent SDS.
Analysis of enzymatic polymorphism Allozyme variation was studied by starch gel electrophoresis using the techniques described by Charles-Palabost eta!. (1986) . Six polymorphic enzyme loci were analyzed: Acph (acid phosphatase; 3-1014), Adh (atchol dehydrogenase; 2-501), Est-C (esterase-C; 3-476), Est-6 (esterase-6; 3-36 8), a-Gpdh (ct-glycerophosphate dehydrogenase; 2-20.5) and Pgm (phosphoglucomutase; 3-434).
Analysis of the Drosophila-sigma system
The frequency of flies infected by the sigma virus was estimated for each sample by standard CO2 sensitivity tests (Plus, 1954) , performed on about 50 adults collected in the wild.
RESULTS
The P-M system No significant temporal trends over the four years were shown for the P sterility potential in any zone of the whole area (Table 1 ). For the M cytotype level, no variations were found for the northern and central zones. However, significant differences were observed in the southern zone which showed a slight decrease of the M cytotype level (Spearman p = 036, P = 0.02). Thus if weak P and Q populations appear to be stable in the northern and central zones, a slow change might be occuring in the south, leading to Q strains.
However this trend is slight and one must wait for new collections in the future to see if there is a real increase in the number of P elements in southern populations.
In other European populations, P homologous sequences have been found in strains with intermediate values of M cytotype potential (Anxolabéhère etal., 1985) . In the LanguedocRoussillon area, direct hybridizations with P1 and P2 probes on 22 strains, selected at random from the 1984 and 1985 sets, again demonstrated the presence of P homologues in all the individuals tested. All these M cytotype populations are of the M' type. Moreover, there were no significant differences in intensity of the hybridization signals between northern and southern populations, a fact that indicates a roughly similar number of homogologous sequences among these strains (Tchen et al., 1985, Ronsseray, personal communication) . The geographical variation in P.-M status of these populations hence suggests that they mainly differ in the types of complete and deleted P sequences they contain, rather than in the total number of P elements.
The question of temporal variation of this distribution before this four year study remains open.
However, the Languedoc-Roussillon area is of special interest in testing long trends, as it was one of the first regions to be sampled and surveyed in Europe. Old stocks available from this area and maintained in different laboratories, were used in order to trace back the evolution of the P-M system. Although inbreeding, selection and drift in the laboratory mean that present frequencies have no chance of accurately representing the state of a population sampled ten or more years ago, it is still possible to test for the presence or absence (Periquet, 1980) . When raised at 28°C, these agametic mutants show high levels of intrastrain sterility very similar to the GD sterility induced in the P-M system. One hypothesis suggests that this strain is polytypic, with M cytotype and P elements (Periquet, 1980; Engels and Preston, 1980) . However, none of the direct hybridization experiments detected the presence of P sequences, even in three sib-mating lines selected for high level of "ag" sterility. Thus, the 
Enzymatic polymorphism
For 15 populations randomly selected among the 1983 strains, table 3 gives the number of flies analyzed and the allelic frequencies at the six loci studied. In order to determine the existence of a spatial variation in the frequencies of the six enzymatic loci, corresponding to the gradient observed in the P-M system, statistical analyses were performed using the Spearman rank correlation test ( , 1985, 1986) , no study was made over the following years.
Drosophila-sigma system steadily to 33 per cent as compared to an average level of 10 per cent in the other regions. The populations may thus be distributed into three groups, the limits of which are not easy to determine precisely, covering, from north to south: (A)
Les Fumades (1) to Gigean (17); (B) Mèze (18) to Tautavel (31) and (C) Rivesaltes (32) 1985. The collected values, although fewer than in 1983, have a wider range-from 11 to 57 per cent-but they also appear to be distributed into three zones following the same pattern.
1986. Though less distinct, the three zones are still present and the observed values range from 20 to 57 per cent.
Over the whole period studied (table 5), the frequency of infected flies has significantly increased from 1983 to 1986 and this phenomenon occured in each of the three zones studied.
DISCUSSION
The P-M system
There is a gradual variation in the P-M status within the Languedoc-Roussillon populations of D. melanogaster. The northernmost populations are weak P type, the central ones Q type and the southernmost M' type.
All harbour P homologous sequences, and P elements capable of promoting the transposition of a white-P transposon have been found in many of the P, Q and M' strains of this area (D. Coen, personal communication).
Quantitative (copy number) and qualitative (element structure) differences among populations may explain the observed distribution. Differences in copy number have been found in Eurasian populations by in situ hybridization (Ronsseray, personal communication) . The values range from approximately 40 copies per haploid genome in France, to approximately ten copies in Mid-Asian USSR, which parallels the previously described variation of the P-M system in that area (Anxolabéhère eta!., 1985) .
Differences in element structure have also been described in European populations (Black eta!., 1987) . A 115kb non-autonomous P element, (the KP element) present in many copies (up to 30), has been found in many European strains. The internal deletion sustained by this KP element removes all sequences homologous to the P2 probe used in this study. Previous studies (Anxolabéhère eta!., 1985) have shown that from central Europe to middle Asian USSR, the P element bearing strains exhibit significantly weaker hybridization to the P2 probe than to the P1 probe. However, this is not seen for these French strains which almost always had equal strength of hybridization to the two probes. In the Languedoc-Roussillon populations, the observed relative homogeneity of hybridization signals hence suggests that no major differences in copy number or element structure exist among these populations. The observed pattern may thus be largely due to minor differences in the relative proportions of complete and deleted sequences. Considering the level of potential P sterility, the complete elements may represent a small fraction of the total set and be slightly more frequent in the northern populations. In European populations, variations in copy number and in relative proportions of complete and deleted elements have been interpreted as component of the ongoing phase of the invasion hypothesis of D. me!anogaster by the P element family (Anxolabéhère et a!., 1985) . This invasion (Kidwell, 1983) appears to be the most likely explanation of the presence of P in D. me!anogaster and its absence in other species of the melanogaster subgroup, although it has been detected in more distantly related species (review in Anxolabéhère and Periquet, 1988) .
Recent genetic and molecular analyses are consistent with a world-wide invasion of D.
me!anogaster by P elements, evolving over the last thirty years (Anxolabéhère et a!., 1988 and Rubin, 1983; Vulker eta!., 1984) . This phenomenon leads to populations harbouring fewer autonomous P elements, thus resulting in lower P potential activity. The same fate occurs in laboratory collections and has been tested in experimental populations (Anxolabéhère eta!., 1986 ). In the model of innovative stepping-stone invasions, Anxolabéhère eta!. (1986) have proposed that during the initial invasion of American populations, P elements underwent this type of internal deletion leading to moderate P strains. The following step was the invasion of Eurasia and resulted from the introduction of this mixture of complete and deleted elements in the first area attained (France), leading to weak P/Q populations. During this process, new deleted elements appeared, which, along with rare autonomous elements, continued their spread to the East, forming the M' strains presently found from Central
Europe to Middle Asia. The present distribution of the P-M system in Languedoc-Roussillon and However, mixed population experiments have shown that when weak P/ Q strains were mixed with M' strains, the P potential activity slowly decreased to an almost zero level, whereas the M cytotype did not always decrease to such an extent and sometimes did not totally disappear even after 30 generations (Anxolabéhère eta!., 1986). In the wild, the presence of numerous deleted elements, some presenting a regulatory role in suppressing P activity and dysgenic traits in their carrier (Black eta!., 1987) , might intervene to slow down the transformation of the populations. In this case, an alternative evolutionary fate would be the maintenance of a quasi-stable equilibrium in the distribution of P sequences among populations, leading to a world-wide differentiation between P/Q and M' populations similar to the situation presently observed in Languedoc-Roussillon, in Europe and in Australia (Boussy and Kidwell, 1987 Concerning variations in time, in the Languedoc-Roussillon, the Mèze population was sampled and analyzed in 1973, 1974 and 1983 and no significant trends were found in the genetic structure of this population (Charles-Palabost etaL, 1985) . As the Mèze population is the only one that has been followed over time in the Languedoc-Roussillon area, it is difficult to extrapolate these results to the entire area.
However, other surveys of French populations analyzed over different periods of time have also shown homogeneity with no major changes during the five to ten years considered (Girard and Palabost, 1976; Charles-Palabost et a!., 1986 ).
In conclusion, it is clear that for the LanguedocRoussillon area, neither geographic nor temporal distributions of the allelic frequencies at the enzymatic loci analyzed showed variations similar to and correlated with those found in the P-M and the Drosophila-sigma systems.
Drosophila-sigma system
The frequency of infected flies follows a very regular pattern, with values increasing steadily from the north to a central zone (Narbonne) and then decreasing towards the south. It may be noted that the altitude of the region increases towards the north (Massif Central) and towards the south (Pyrenees) . It has been shown previously (Fleuriet, 1981) that infected flies might be more sensitive to winter. However, taken alone, the differences in altitude, ranging from 0 to 200 m, do not seem large enough to lead to such differences in frequency.
A few loci (called ref) of the fly are known to confer resistance to the virus (Gay, 1978) . Two viral types have been described and the Viral Type II is the most resistant to the effect of the ref(2) P locus (Fleuriet, 1986) . It is interesting to note (Fleuriet eta!., in preparation) Correlations between the different systems In these results, the enzymatic polymorphism, for the six loci observed, appears to behave independently of the other systems. However, a striking correlation occurs between the distribution of the sigma-infected flies frequency and the P-M status of the Languedoc-Roussillon populations. The highest frequency of infected flies is encountered in the central zone where the populations are of the Q type (with a P cytotype and the lowest P potential activity). Although unexpected, this correlation has been maintained over the four year period analyzed. It might result from the effect of a unique environmental factor, structuring this region and acting independently upon both systems. Conversely, it might correspond to a more significant biological relationship (e.g., at the level of the germ line), the analysis of which would be of special interest.
